The continuous expansion of urban areas in China has increased cohesion and synergy among cities. As a result, the land price in an urban area is not only affected by the city's own factors, but also by its interaction with nearby cities. Understanding the characteristics, types, and patterns of urban interaction is of critical importance in regulating the land market and promoting coordinated regional development. In this study, we integrated a gravity model with an improved Voronoi diagram model to investigate the gravitational characteristics, types of action, gravitational patterns, and problems of land market development in the Beijing-Tianjin-Hebei urban agglomeration region based on social, economic, transportation, and comprehensive land-price data from 2017. The results showed that the gravitational value of land prices for Beijing, Tianjin, Langfang, and Tangshan cities (11.24-63.35) is significantly higher than that for other cities (0-6.09). The gravitational structures are closely connected for cities around Beijing and Tianjin, but loosely connected for peripheral cities. Further, various types of radiation, conduction, and convection actions exist in relation to urban land prices. In terms of gravitational patterns, the range of influence of land prices is not limited to the administrative boundaries of each city. Five clusters of urban land prices can be identified based on the gravitational structure. The land-price gravity value of the city cluster around Beijing accounted for 66.4% of the total. The polarizing effect of land-price levels and influence is clearly evident in Beijing and Tianjin, while a lock-in effect is evident in Xingtai and Handan in the south of the region.
Introduction
The rapid expansion of urban areas in China has attracted worldwide attention in recent years [1] [2] [3] [4] . However, rapid urbanization and economic development have also created numerous problems, such as widespread disease in urban areas and a large gap in development between regional and urban areas. Different development stages and levels exist as a result of unreasonable regional industrial structures and market mechanisms, variations in development policies, and inefficient resource allocation [5, 6] . Thus, the coordinated development of regions and cities has become an important aspect of social and economic development and reform in China [7] . The Beijing-Tianjin-Hebei region is home to a large population and a high concentration of industrial clusters, and offers many political, resource, human talent, and technological advantages. However, the coordinated development of the region is still in its initial stages, with poor inter-metropolitan economic cooperation, weak complementarity in terms of industrial structure and resource management, and imbalanced development. To promote population activities and urban landscapes [69, 70] , and the analysis of technological and economic factors influencing coordinated regional development [71] . The gravity model has also been applied to the study of economic relationships between cities and interactions among urban land prices. In studies of inter-urban economic relationships, scholars have analyzed the economic connection strength and spatial structure of the Wuhan metropolitan area [72] , the Anhui Province urban agglomeration [73] , urban agglomerations in the middle reaches of the Yangtze River [74] , and the Beijing-Tianjin-Hebei urban agglomeration [75] . In studies of urban land prices, scholars have used the gravity model to establish a new method of urban land-price correction and balance [76, 77] , and have calculated the gravitational relationship among land prices in the Beijing-Tianjin-Hebei metropolitan area [78] and among 105 cities in China [79] . The Voronoi map was first proposed by Boregfore in 1986, and in recent years it has often been used to divide urban economic impact areas. Scholars have used Voronoi maps to divide the economic impact areas of 30 cities in Central China [80] , Shiyan City in Hubei Province [81, 82] , and Tianshui City in Gansu Province [83] . In previous studies, the inter-city accessibility parameters used in the gravity model were often spatial distances. However, because of the differences in traffic conditions and modes of transportation between cities, accessibility and spatial distances between cities differ. Therefore, in this study, we develop a gravity model of urban land prices by calculating the actual distance between cities based on commonly used rail and road transport modes, and passenger and freight volumes between Beijing, Tianjin, and Hebei cities. Although the Voronoi diagram method can delineate the scope of urban influence, it cannot measure the intensity of interactions between cities. If the gravity model and the Voronoi diagram method are used together, the gravitational intensity between cities, the scope of urban influence, and the laws of gravitational differentiation among cities can be revealed simultaneously, providing a clearer analysis of the spatial patterns of interactions among cities. This study combines the two models in an attempt to explore the intensity, structure, and extent of geological attractions between cities. In summary, the gravitational model has become an important tool for studying regional spatial interactions. The essence of urban regionalization is the integration of city and regional economies, and the interactions between a city and its surrounding region provide the power necessary to achieve the coordinated development of the city and the region. Regional and urban factors are closely linked, and land prices are not only determined by direct factors, but also by the interactions between adjacent cities. The gravity of urban land prices shows the internal connection of urban land values, and reveals the degree of interaction of land capital, land supply and demand, and land policy among cities. Against the background of the coordinated development strategy relating to Beijing, Tianjin, and Hebei in China, it can be seen that adjacent cities are not merely viewed as independent entities, but are seen in the context of the interactions that occur among them. This is important in relation to coordinating the relationship between land resource allocation and regional economic development, and promoting interactions between cities and regions, thereby realizing complementary advantages.
In this study, based on the success of previous scholars in studying urban gravity and its range of influence, we investigate the gravitational characteristics of inter-city land prices, divide the urban land-price function into various types, and analyze the roles of different urban land values in the development of the regional land market in the Beijing-Tianjin-Hebei urban agglomeration. We also delineate the spatial patterns of regional land-price gravity and identify its spatial effects. The goal of this study is to provide support for decision-making in relation to the balanced development of the land market in the Beijing-Tianjin-Hebei urban agglomeration.
Research Area
The Beijing-Tianjin-Hebei region is the economic center of northern China, and includes the two municipalities of Beijing and Tianjin, and 11 cities in Hebei Province, including Shijiazhuang, Tangshan, Baoding, Langfang, Qinhuangdao, Zhangjiakou, Chengde, Cangzhou, Hengshui, Xingtai, and Handan (see Figure 1 ). It covers an area of 218,000 km 2 , accounting for 2.3% of China's total land area. 
Materials and Methods
In this study, we used a gravitational model combined with a Voronoi diagram model based on breaking-point theory (see Figure 2 ). The gravitational model is used to measure and analyze the gravitational intensity, spatial characteristics, and types of land-price interactions between cities. The Voronoi diagram model is used to identify the gravitational pattern of urban land prices and analyze the spatial effects of urban land-price development. The gravitational model includes two parameters: the quality of the urban land price and the distance between two cities. The quality of the urban land price is based on the land price and its related socioeconomic indicators. The distance between two cities is based on traffic data including the lengths of inter-city railways and highways and passenger and freight volumes. The Voronoi diagram model uses the quality of urban land prices and the distance between cities to identify gravitational patterns in land prices. In 2017, average per capita GDP in Beijing and Tianjin was 129,000 yuan and 119,000 yuan, respectively, which was higher than the average of 45,000 yuan in Hebei Province. The population distribution pattern showed a sparse population in the mountainous northern areas and a high population density in the central and southern plains. In particular, the population was highly concentrated in Beijing and Tianjin. The population densities in these two cities (1323 and 1315 people per km 2 , respectively) were more than three times the population density in Hebei Province (396 people per km 2 ). These differences in economic activity and population density led to an imbalance in terms of urban land prices among these areas. The average land price in 2017 in Beijing, Tianjin, and Hebei Provinces were 38,673 yuan, 7007 yuan, and 2526 yuan per m 2 , respectively. That is, the average land price in Beijing was more than 15 times that in Hebei Province. The governments in the Beijing-Tianjin-Hebei urban agglomeration have built a comprehensive transportation system, including railways, highways, ports, and airports, and have basically adopted a radial network pattern centered on Beijing. In 2017, the regional railways extended over 9600 km, while there was 8445 km of expressways. Travel distance, passenger volumes, and freight volumes can objectively reflect the degree of interaction between cities. In terms of travel distance, Beijing and Tianjin were 2931 km and 3021 km, respectively, from other urban centers, with good traffic accessibility. Langfang and Baoding were 2936 km and 2984 km, respectively, from other cities, and their traffic accessibility was comparable to that of Beijing and Tianjin. The accessibility of other urban centers was relatively weak (distances between cities were more than 3200 km). In terms of external relationships, the number of passengers in Beijing, Tianjin, and Hebei were 675, 192, and 480 million people, respectively, and the freight volume was 239, 530, and 250 million tons, respectively. In Hebei Province, Baoding, Handan, Cangzhou, and Shijiazhuang had relatively strong talent exchanges, with passenger numbers of 70, 55, 48, and 40 million people, respectively, which were clearly higher than those in other cities (all below 30 million people). Shijiazhuang and Tangshan had relatively strong economic exchanges, with freight Sustainability 2019, 11, 4726 6 of 29 volumes of 460 and 410 million tons, respectively, which were significantly higher than those of other cities (no more than 240 million tons). Thus, it can be seen that the degree of interconnection between cities was not solely related to travel distance, and the closely related cities were mostly distributed around Beijing and Tianjin. Supported by this transport system, which is gradually being improved, the Beijing-Tianjin-Hebei urban agglomeration is becoming increasingly connected in terms of economic ties, and is undergoing rapid coordinated development.
In this study, we used a gravitational model combined with a Voronoi diagram model based on breaking-point theory (see Figure 2 ). The gravitational model is used to measure and analyze the gravitational intensity, spatial characteristics, and types of land-price interactions between cities. The Voronoi diagram model is used to identify the gravitational pattern of urban land prices and analyze the spatial effects of urban land-price development. The gravitational model includes two parameters: the quality of the urban land price and the distance between two cities. The quality of the urban land price is based on the land price and its related socioeconomic indicators. The distance between two cities is based on traffic data including the lengths of inter-city railways and highways and passenger and freight volumes. The Voronoi diagram model uses the quality of urban land prices and the distance between cities to identify gravitational patterns in land prices. 
Data and Pre-Processing

Social and Economic Data
Urban land prices are affected by various factors including micro-land conditions, the land market mechanism, and government regulations and controls [84] . Under China's current non-competitive land market system, resource characteristics, and macro economy, real-estate speculation and interventions by government administrators often increase land prices to unreasonable levels. Thus, the land price in some cities does not match the real land value and the actual economic level of the city [85] . To eliminate the influence of unreasonable factors affecting land prices, we construct an index system for each factor influencing urban land prices and define the comprehensive effect of the index system as the corresponding "urban land-price quality" to reflect the objective level of the urban land price.
The factors affecting urban land prices can be divided into general factors, regional factors, and individual factors based on their relationship with the land and the scope of influence. To objectively reflect the differences in land prices among various cities and eliminate unreasonable 
Data and Pre-Processing
Social and Economic Data
Urban land prices are affected by various factors including micro-land conditions, the land market mechanism, and government regulations and controls [84] . Under China's current non-competitive land market system, resource characteristics, and macro economy, real-estate speculation and interventions by government administrators often increase land prices to unreasonable levels. Thus, the land price in some cities does not match the real land value and the actual economic level of the city [85] . To eliminate the influence of unreasonable factors affecting land prices, we construct an index system for each factor influencing urban land prices and define the comprehensive effect of the index system as the corresponding "urban land-price quality" to reflect the objective level of the urban land price. The factors affecting urban land prices can be divided into general factors, regional factors, and individual factors based on their relationship with the land and the scope of influence. To objectively reflect the differences in land prices among various cities and eliminate unreasonable factors affecting land prices, we selected 14 indicators of urban location, degree of agglomeration, input-output levels, comprehensive service capacity, and land potential, and constructed a regional urban land-price quality index system based on the principles of regional differences, operability, and comparability [86] (see Table 1 ). The data for these indicators are derived from the China Urban Statistical Yearbook, the Beijing Statistical Yearbook, the Tianjin Statistical Yearbook, and the Hebei Economic Yearbook for 2017. The weights in the index system are based on the coefficient of variation method using Equations (2)-(5). 
Traffic Data
Related studies [87] show that distance may not necessarily play a major role in interactions between two regions, as the diversity of transport modes also affects interactions. Therefore, we considered the impact of transport modes and types of exchanges in measurements of the distance between cities. Based on the situation in the Beijing-Tianjin-Hebei region, rail and road are the main modes of transportation between cities, and the transportation of people and goods is the main type of regional exchange. Since air and maritime transportation are not often used in this area, we use rail and road transport modes and the transfer of people and goods to calculate the distance between cities. The data relating to inter-city transport distances were mainly obtained from the website of the inter-city railway operator, the China Traffic Atlas and the Hebei Highway Mileage Atlas published by the Transport Bureau of the Ministry of Railways of China. China's standard expressway speed of 120 km/h is used as the average speed on the inter-city expressway and 350 km/h is used as the 
Methods
Gravity Model of Urban Land Prices
After the concept of "gravity" was introduced to the field of geography, the gravitational model became a classical means of quantifying spatial interactions between cities and measuring the influence of interactions among cities on land prices In the study region, urban land prices are the result of the combined effect of various social and economic factors. Due to the connection of social and economic factors among cities, there is bound to be some connection between urban land prices [88] , and the level of land prices will be affected by interactions among cities. Therefore, we define the gravity model of urban land prices as follows:
where F ij is the gravitational value of land prices between cities i and j, M i and M j are the quality of city i and j, respectively, D ij is the distance between cities, and r i is the adjustment coefficient. Various scholars have proposed different definitions of urban quality, and different index systems are used to represent urban quality in analyses of interactions in relation to the economy and population among cities [89] . In this study, urban quality is extended to urban land-price quality. Thus, urban land-price quality, distance between cities, and a regional adjustment coefficient are the three parameters of the urban land-price gravity model.
(1). Urban land-price quality calculation Hedonic price theory states that land has different characteristics and, thus, its price is determined by all of these characteristics. Different combinations and numbers of features result in different land prices. This study decomposes various influential factors implied in the land price, constructs a high-correlation and reasonable combination of factors, and calculates the comprehensive value of factors using a comprehensive index evaluation method to characterize the land-price quality of the corresponding cities. To eliminate the influence of subjective factors, we use a variation coefficient to calculate the weights of urban land-price quality indicators. The variation coefficient method is a dynamic weight assignment method that determines weights based on the degree of variation of the evaluation index. The weight of each index changes with changes in the index [90, 91] . The method is as follows. 1 Calculate the mean value of the indicators:
Calculate the standard deviation of the indicators:
Determine the coefficient of variation:
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where A j is the average value of index j, n is the number of cities in the study area, m is the number of indexes in the evaluation system, Y ij is the standardized value of index j of city i, σ j is the standard deviation, V j is the coefficient of variation, and W j is the weight of index j.
We used a comprehensive index to measure the quality of the urban land price:
where M i is the land-price quality of urban area i, Y ij is the standardized value of index j of city i, W j is the weight of index j, and m is the number of factors affecting the land price.
(2). Measuring the distance between cities
Following the distance measurement methods of previous studies [92] , we take into account the influence of traffic conditions and modes of transport on the level of interconnection between cities, although we only calculate the distance between cities based on road and rail transportation modes and passenger and cargo flows. In relation to the distance between cities in terms of road and rail transport, the level of utilization of inter-city highways and railways is expressed by the passenger and freight volumes, respectively. The road and rail transport coefficients (weights) are determined based on the passenger and freight volume, respectively, of each city as a proportion of the total traffic volume. Thus, the distance between cities is defined as follows: 
where D ik is the comprehensive distance between city i and city k, D ik-Highway and D ik-Railway are the road and rail distances between city i and city k, respectively, K is passenger volume, H is freight volume, and L Highway and L Railway are the weights of road and rail transportation, respectively.
(3). Determining the adjustment coefficient
Based on previous studies using revisions of the gravity model [93] , we use the accessibility between cities as the regional adjustment coefficient to revise the regional urban land-price gravity model. Accessibility relates to the possibility of passenger flows, cargo flows, capital flows, and information flows among cities. It is also an important measure of the degree of contact between cities. The accessibility coefficient between cities is calculated based on the distance between cities and the speed of travel on expressways and railways in China. The calculation process is as follows. 1 The accessibility value of traffic mode P in city i:
The average value of R ip :
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The accessibility coefficient of city i:
where D ip is the traffic distance of traffic mode P between city i and other cities and S ip is the average speed of transportation mode P from city i to other cities.
Voronoi Diagram Model Based on Fracture-Point Theory
The Voronoi diagram model was first used to achieve spatial division of geographic features. A Voronoi diagram is irregular in space, and the Voronoi diagram model is a seamless, non-overlapping, distance segmentation method. It includes characteristics such as nearest neighbors, linearity, and local dynamics, and has become an important tool for spatial analysis in the field of geosciences. A Voronoi diagram is defined as follows:
where {P 1 , P 2 , . . . , P n } is a discrete point in space where no two points coincide, no four points are in the same circle, and d (P i , P j ) is the Euclidean distance between any two points. In the polygonal subregion V i formed by the Voronoi diagram, the distance from any point x to point P is less than that from any other central point (P i P j ) [94] . Following the conventional Voronoi diagram model, we set λ i (I = 1, 2, . . . , n) as the weight of p i , and λ i (I = 1, 2, . . . , n) are the specified positive real numbers. The area of a Voronoi polygon is proportional to its weight. A conventional Voronoi graph is a special case in which all of the Voronoi points are weighted at the same time (see Figure 3b , where the number near each point represents the weight of that point). The formula is defined as follows: Fracture-point theory is mostly used to explain the comparative strengths of regional-urban interactions. The basic idea is that the gravitational attraction between cities is positively correlated with the size of the largest city and negatively correlated with the square of distance. The location of the breaking point in the range of influence between cities can be expressed as follows:
where Ra and Rb are the distance from cities a and b, respectively, to the breaking point, Rab is the distance between the cities, and Pa and Pb are the quality of cities a and b, respectively.
In the process of Voronoi space partitioning, the ratio of the spacing between the point in the weighted Voronoi graph grid and the spacing between the point and the adjacent grid generators is less than the ratio of the weights of the two generators. This study combines fracture-point theory with the conventional Voronoi chart model, defines urban quality as the quality of the urban land price, and divides the influence scope using a weighted Voronoi map of urban land-price quality. Fracture-point theory is mostly used to explain the comparative strengths of regional-urban interactions. The basic idea is that the gravitational attraction between cities is positively correlated with the size of the largest city and negatively correlated with the square of distance. The location of the breaking point in the range of influence between cities can be expressed as follows:
where R a and R b are the distance from cities a and b, respectively, to the breaking point, R ab is the distance between the cities, and P a and P b are the quality of cities a and b, respectively.
In the process of Voronoi space partitioning, the ratio of the spacing between the point in the weighted Voronoi graph grid and the spacing between the point and the adjacent grid generators is less than the ratio of the weights of the two generators. This study combines fracture-point theory with the conventional Voronoi chart model, defines urban quality as the quality of the urban land price, and divides the influence scope using a weighted Voronoi map of urban land-price quality. Based on the weighted Voronoi diagram model, the ratio of the distance from the breaking point between two adjacent cities to the two cities is the ratio of the square root of the land-price quality of the two cities. The breaking point naturally expands to form a breaking arc, thus forming the gravitational boundary of the land price between the two cities. This method overcomes the problem of arbitrariness in the formation of urban boundaries using conventional Voronoi diagrams [95] .
Results
Urban Land-Price Quality
We calculated a comprehensive index of the land-price quality of each city. The land-price qualities of Beijing and Tianjin are 89.22 and 54.38, respectively, which are much higher than those of other cities, reflecting their central positions in the region (see Figure 4 ). Shijiazhuang, Langfang, Qinhuangdao, and Tangshan have relatively high land-price qualities, ranging from 16. 49-19.43 . The land-price qualities of Baoding, Cangzhou, and Handan are in the medium range, while the values for the other cities are relatively low, ranging from 3.89-11.19. These results indicate that the land-price levels in Beijing and Tianjin are significantly higher than those of other cities, and that urban land prices in Hebei Province are significantly lower. Beijing and Tianjin have tremendous advantages over the other cities in terms of economic development, such as convenient transportation and communication systems, well-developed infrastructure, and strong capital markets. The rapid development of the real-estate economy in recent years has stimulated other economies to move towards Beijing and Tianjin. Therefore, the polarization between Beijing, Tianjin, and Hebei has arisen as a result of the allocation of land resources and the level of development of the land market. Pearson correlation analysis was used to test whether the quality of urban land prices can objectively reflect the level of urban land prices. The results revealed that the correlation coefficient between urban land-price quality and comprehensive land-price level is 0.906 (p < 0.01), indicating that they are positively correlated (see Table 2 and Figure 5 ). Thus, the quality of urban land prices can comprehensively and objectively reflect the characteristics of urban land prices in the region. Pearson correlation analysis was used to test whether the quality of urban land prices can objectively reflect the level of urban land prices. The results revealed that the correlation coefficient between urban land-price quality and comprehensive land-price level is 0.906 (p < 0.01), indicating that they are positively correlated (see Table 2 and Figure 5 ). Thus, the quality of urban land prices can comprehensively and objectively reflect the characteristics of urban land prices in the region. Pearson correlation analysis was used to test whether the quality of urban land prices can objectively reflect the level of urban land prices. The results revealed that the correlation coefficient between urban land-price quality and comprehensive land-price level is 0.906 (p < 0.01), indicating that they are positively correlated (see Table 2 and Figure 5 ). Thus, the quality of urban land prices can comprehensively and objectively reflect the characteristics of urban land prices in the region. ** Significant at the 0.01 level (two-tailed). Table 3 shows the interaction distance and accessibility indices between cities. Beijing to Langfang and Tianjin to Langfang have higher accessibility coefficients of 3.18 and 3.14, respectively, because of their closer proximity and convenient connections, which fully reflects the locational advantage of Langfang and its central position in the traffic network. Assuming that the Beijing-Tianjin-Hebei region is a closed region, the greater the accessibility coefficient between a city and other cities in the region, the greater the accessibility of the city. Based on the number of cities whose accessibility coefficient is greater than 1, the accessibility level of each city is further classified (see Figure 6 ). In addition to Langfang, cities with high accessibility include Shijiazhuang, Baoding, and Hengshui. There are six neighbor cities whose accessibility coefficients in relation to these three cities are greater than or equal to 1. Cities with medium accessibility are Beijing, Tianjin, Tangshan, Zhangzhou, and Xingtai. There are four or five neighbor cities whose accessibility coefficients in relation to these five cities are greater than or equal to 1. Cities with poor accessibility are Qinhuangdao, Handan, Zhangjiakou, and Chengde. There are only two or three neighbor cities whose accessibility coefficients in relation to these four cities are greater than or equal to 1 (see Table 3 ). Accessibility among cities in the Beijing-Tianjin-Hebei region is mostly affected by existing transportation conditions. The accessibility levels of Beijing, Tianjin, Central Hebei, and coastal cities are higher than those of cities in Southern and Northern Hebei. Accessibility levels between cities in Central and Southern Hebei are relatively high, while those between the peripheral cities are generally low. Langfang, Baoding, and Shijiazhuang are the key links between the northern and southern areas of the Beijing-Tianjin-Hebei region. Table 3 . Urban interaction distances (km) and accessibility coefficients in the Beijing-Tianjin-Hebei region.
Urban Interaction Distance and Accessibility Coefficients
City
Beijing Tianjin Shijiazhuang Chengdu Zhangjiakou Qinhuangdao Tangshan Langfang Baoding Cangzhou Hengshui Xingtai Handan Table 3 ). Accessibility among cities in the Beijing-Tianjin-Hebei region is mostly affected by existing transportation conditions. The accessibility levels of Beijing, Tianjin, Central Hebei, and coastal cities are higher than those of cities in Southern and Northern Hebei. Accessibility levels between cities in Central and Southern Hebei are relatively high, while those between the peripheral cities are generally low. Langfang, Baoding, and Shijiazhuang are the key links between the northern and southern areas of the Beijing-Tianjin-Hebei region. 
Urban Land-Price Gravity
Using the abovementioned urban land-price quality and interaction distance data, the land-price gravity model is used to calculate the land-price gravity between cities (see Table 4 ). Figure 7 shows the gravitational intensity map of urban land prices in the Beijing-Tianjin-Hebei region. Each city has its most gravitational city, which is known as the "most connected city." Each city is connected with its most connected city by an arrowed line. The arrowed line points to the city, while the origin of the arrowed line is its most connected city. The distribution of the strongest gravitational connection is obtained by analyzing the direction, quantity, and structure of the arrowed lines, thereby reflecting the gravitational characteristics of the land price between cities (see Figure 8 ). 
Gravitational Pattern of Urban Land Prices
The range of influence of urban land prices is composed of multiple closed polygons using the weighted Voronoi diagram model. These polygons are formed by taking the square root of the 
The range of influence of urban land prices is composed of multiple closed polygons using the weighted Voronoi diagram model. These polygons are formed by taking the square root of the urban land-price quality as the expansion speed and the urban center as the growth core around which expansion occurs (see Figure 9 ). Each city has a range of land prices, and the boundaries of the range exhibit a particular radian (see Figure 9 ). The boundaries always bend toward cities with stronger land-price centrality, that is, toward more attractive cities. The influence of the city increases in tandem with the radian around the city. For example, the boundaries of Zhangjiakou, Chengde, Langfang, and Baoding land prices are obviously inclined toward Beijing, which indicates that these cities have established a close relationship with and are greatly influenced by Beijing. Similarly, the land prices of Qinhuangdao, Cangzhou, and Hengshui are greatly influenced by Tangshan, Tianjin, and Shijiazhuang, respectively. The boundaries of land-price influence in Xingtai are convex toward Shijiazhuang and Handan, and the southern arc is larger, which indicates that Handan has a greater influence on Xingtai than Shijiazhuang. If the curvature tends to zero, this indicates that the gravitational attraction of urban land prices at both ends of the demarcation line is basically balanced, for example, Beijing and Tianjin, Tianjin and Tangshan, Cangzhou and Hengshui, and Baoding and Shijiazhuang exhibit land-price gravity balance.
Based on the demarcation line denoting gravitational equilibrium of land prices among cities, we divided the cities into clusters. The core city in each cluster is the city with the most influential land prices (see Figure 10 ). The Beijing-centered city cluster is mainly distributed in the northwest of the Beijing-Tianjin-Hebei region and occupies nearly half of the region. The land price in this cluster affects 71 towns under the jurisdiction of Beijing, Tianjin, Chengde, Zhangjiakou, Langfang, and Baoding. The Tianjin-centered city cluster and the Shijiazhuang-centered city cluster are distributed in the eastern and southern areas of the city cluster around Beijing, and have a secondary influence covering 30 towns under Tianjin, Langfang, Hengshui, and Cangzhou, and 35 towns under Shijiazhuang, Baoding, and Xingtai, respectively. The Handan-centered city cluster and the Tangshan-centered city cluster have the smallest impact areas in the northeast and south of the Beijing-Tianjin-Hebei region. They have relatively weak links with other regions, covering 30 towns under Xingtai and Handan, and 17 towns under Tangshan and Qinhuangdao, respectively (see Table 5 ).
and Baoding. The Tianjin-centered city cluster and the Shijiazhuang-centered city cluster are distributed in the eastern and southern areas of the city cluster around Beijing, and have a secondary influence covering 30 towns under Tianjin, Langfang, Hengshui, and Cangzhou, and 35 towns under Shijiazhuang, Baoding, and Xingtai, respectively. The Handan-centered city cluster and the Tangshan-centered city cluster have the smallest impact areas in the northeast and south of the Beijing-Tianjin-Hebei region. They have relatively weak links with other regions, covering 30 towns under Xingtai and Handan, and 17 towns under Tangshan and Qinhuangdao, respectively (see Table 5 ). 95 with Xingtai, Handan, and Hengshui. In Hebei Province, the highest inter-city gravity value is only 2.89, and urban pairs with gravitational values greater than 1 account for only 7.8% of the total. The gravitational attraction of Beijing, Tianjin, and Langfang is much higher than that of other cities, while the gravitational attraction of cities in Hebei Province is relatively weak, and few cities have a strong interaction in terms of land prices. Table 4 and Figure 7 show the clear differences in urban land-price gravity in the Beijing-Tianjin-Hebei region. There are five cities with a gravitational intensity of greater than 1 in the vicinity of Beijing and Tianjin. Most of these cities are distributed around Beijing and Tianjin, have better accessibility to Beijing and Tianjin, and are greatly affected by the radiation of land-price levels in Beijing and Tianjin. The gravitational attraction of land prices among Beijing, Tianjin, Langfang, and Tangshan is higher, with gravitational values ranging from 11.24-63.35, than those of the northern and southern regions. Spatially, these four cities have become the centers of land-price connection nodes and constitute the spatial focus of the gravitational development of land prices in the Beijing-Tianjin-Hebei urban agglomeration. In addition to Beijing and Tianjin, only six pairs of cities have a gravitational intensity of greater than 1 in Hebei Province, mainly distributed in the central and southern regions. Their gravitational values range from 1. 43-4.16 , forming land-price interaction areas mainly in Shijiazhuang, Baoding, Xingtai, and Handan cities, and the gravitational intensity of their land prices is on the low side. The gravitational attraction of land prices among cities such as Chengde, Zhangjiakou, Qinhuangdao, Cangzhou, and Hengshui is less than 1, and the gravitational intensity of these cities is weakest. A weak gravitational zone exists in the eastern and northern regions. The gravity of land prices in the Beijing-Tianjin-Hebei urban agglomeration shows the spatial differentiation characteristics of "More cities with weak gravity and fewer cities with strong gravity, with the cities around Beijing and Tianjin closely connected, while the peripheral cities are loosely connected."
Discussion
Gravitational Characteristics of Land Prices
Spatial Characteristic of Gravitation
Gravitational Types of Urban Land Prices
The arrowed lines link the most connected cities and express the interaction of land prices between cities in the region. The types of interactions in terms of urban land prices can be determined by the number and direction of the arrows. Using the phenomenon of heat transfer as a model, we identified three types of land-price interactions: radiation, conduction, and convection.
Radiation Land Price
The radiation land-price type occurs when the land price of one city has the greatest attraction effect on the land prices of other cities around it. It is the common aggregation target of the elements of the land market of the surrounding cities. The influence of the land-price radiation city on the cities it attracts is seen to play the lead role in the land-price level. Beijing has the five strongest gravitational connection lines, the largest number of radiating cities (see Figure 8 ), and the highest gravitational value of land prices in relation to other cities in the spatial interaction unit and, thus, acts as the regional agglomeration center. Beijing is the "midstream pillar" of land-price levels and land market development in the urban agglomeration and plays the lead role in attracting surrounding cities. Similarly, Tianjin has three of the strongest gravitational links, each of these forming secondary radiation centers. Beijing's land-price radiation cities are all distributed around Beijing, including Tianjin, Langfang, Baoding, Zhangjiakou, and Chengde. Tianjin's land-price radiation cities include Tangshan and Zhangzhou.
The gravitational intensity of land prices and the interaction distance between Tianjin and Beijing are 38.82 and 136 km, respectively. Tianjin's development is positioning the city as the economic center of Northern China, and in recent years, Tianjin has become an important alternative city for Beijing's environmental technology, medical, and business industries. The transportation advantage is most significant in Langfang, which is 63 km and 78 km from Beijing and Tianjin, respectively, and has a gravitational intensity in relation to Beijing and Tianjin of 63.35 and 24.87, respectively. Langfang has become a major focal area for emerging strategic industries and modern service industries that have migrated from Beijing. Baoding is located in the middle of the Beijing-Tianjin-Hebei region, 147 km from Beijing, and its gravitational pull from Beijing is 5.95. Baoding has undertaken some functional relief tasks for administrative institutions, institutions of higher learning, research institutes, and medical care institutions in Beijing. Zhangjiakou and Chengde are 218 km and 238 km, respectively, from Beijing, and their gravitational pull from Beijing is 1.32 and 0.61, respectively. These two cities have weak economic levels, but their ecological environment is excellent. They are characteristic functional cities serving Beijing, and play an important role in protecting the ecological environment in the northwest of the Beijing-Tianjin-Hebei region. Affected by Beijing's economic radiation, Zhangjiakou and Chengde mainly develop green industries, such as new energy, tourism services, and leisure, and are characteristic of cities that serve Beijing. Tangshan and Cangzhou are mainly affected by Tianjin's radiation, their land price gravitation with Tianjin being 11.24 and 6.09, respectively. Tangshan and Cangzhou offer convenient maritime transportation and, thus, are focusing on the development of marine economic, biomedicine, and logistics industries, and are important hubs for overseas trade by organizations in both Beijing and Tianjin.
Since 2014, Langfang, Baoding, Zhangjiakou, Chengde, Tangshan, and Cangzhou have undertaken about 3290 industrial projects that have been transferred from Beijing and Tianjin, accounting for 21.2% of all industrial projects transferred. Due to the increasing demand for industrial land in Beijing and Tianjin, the land prices in cities around Beijing and Tianjin, such as Langfang, Baoding, Tangshan, and Cangzhou increased significantly in 2014-2017, with growth rates of 31.4%, 21.7%, 25.3%, and 34.2%, respectively, similar to that of Beijing (38.0%). The 2022 Winter Olympics will be held in Zhangjiakou, and Beijing's support for Zhangjiakou in terms of economic development, land-use policy, and infrastructure construction is constantly increasing. This has led to a significant increase in land prices in Zhangjiakou, which recorded a growth rate of 196.7% in 2014-2017. It can be seen that Langfang, Baoding, Zhangjiakou, Chengde, Tangshan, and Cangzhou have become the main radiation areas of Beijing and Tianjin in the process of the coordinated development of the Beijing-Tianjin-Hebei region.
Conduction Land Price
The conduction land-price type occurs when two cities have the greatest gravitational relationship between themselves. The land price of conductive cities in the Beijing-Tianjin-Hebei region is relatively high. Conductive cities are usually the sub-centers of the region in terms of economic development. Shijiazhuang, Baoding, and Tangshan have inherited the gravitational connection of land prices from Beijing, Tianjin, Qinhuangdao, and Hengshui and, thus, have become conductive cities. As the "third pole" of the Beijing-Tianjin-Hebei urban agglomeration, Shijiazhuang enables the cooperation of society, the economy, and the transportation system in the coordinated development of the Beijing-Tianjin-Hebei urban agglomeration. Shijiazhuang plays an important role in connecting the eastern and western areas and the southern and northern areas of the region. It is the most attractive city for Hengshui, and is attracted by Baoding. Thus, it has become the transmission node between these two cities. Tangshan is attracted by Beijing and Tianjin, and actively linked with Qinhuangdao, thereby becoming the transmission node between Tianjin and Qinhuangdao. As an important part of Beijing's industrial transfer, Baoding is actively connected with Beijing's high-end resources, and has obvious interactions with Shijiazhuang in the southern area of the region. Thus, it has become the transmission node between Beijing and Shijiazhuang.
Baoding is the most attractive city for Shijiazhuang, and is also the transportation hub connecting Shijiazhuang with Beijing. The interaction distance between Baoding and Shijiazhuang is 137 km, and the gravitational value is 2.89. Superior geographical location and convenient transportation provide convenient conditions for contact and cooperation between the two locations. In 2017, Baoding's GDP (306.8 billion yuan) and land price (3264 yuan per m 2 ) were lower than those of Shijiazhuang (592.7 billion yuan and 3954 yuan per m 2 ). However, from 2014 to 2017, Baoding's GDP growth rate (31.9%) and land-price growth rate (21.7%) were higher than those of Shijiazhuang (16.3% and 18.6%, respectively). In the process of the coordinated development of the Beijing-Tianjin-Hebei region, influenced by Beijing and Tianjin, Baoding's social and economic development and land-market changes are strongly influenced by Beijing and Tianjin, and it has become an important radiation city in relation to Beijing, helping to guide the development of Shijiazhuang. In turn, Shijiazhuang has played an important role in radiating and guiding the development of southern cities in the region, especially Hengshui. The interaction distance between Shijiazhuang and Hengshui is 145 km, and the gravitational attraction value is 1.43. As the city with the greatest economic strength and the most convenient transportation system of all the cities around Hengshui, Shijiazhuang should become the largest gravitational city of Hengshui. Tangshan is the largest gravitational city of Qinhuangdao, and is a transportation hub for Qinhuangdao's external economic connection. The interaction distance between Tangshan and Qinhuangdao is 141 km, and the gravitational attraction value is 1.16. Qinhuangdao is adjacent to Tangshan and Chengde, and regardless of the economy and culture, is more closely connected with Tangshan, which has become an important city in terms of transmitting Beijing-Tianjin radiation and guiding the development of Qinhuangdao.
Convection Land Price
The convection pattern occurs when two adjacent cities are the most attractive cities in terms of each other's land price. In general, convective cities are far from the center of urban agglomeration, and have the same spatial status. Handan and Xingtai are in the southernmost part of the region, and being affected by accessibility factors, they are more closely related to each other and, thus, have become convective cities. Xingtai is adjacent to Shijiazhuang and Hengshui in the north and Handan in the south. The interaction distances between Xingtai and Shijiazhuang, Hengshui, and Handan are 124 km, 178 km, and 62 km, respectively, and the land-price gravity values are 1.95, 0.09, and 4.16, respectively. It can be seen that travel between Xingtai and Handan is more convenient and, thus, the attraction of land prices is greater. In terms of external relations, Xingtai and Handan have Chenjiao Airport and Matou Airport, respectively, which basically meet the needs of their air travel, thus weakening the demand for Shijiazhuang Airport. In terms of economic development, Xingtai and Handan are focusing on the iron and steel, coal, and building materials industries. The industrial structure, industrial policy, and land-use policy of the two places have convergence. From 2014 to 2017, the growth rates of land prices in Shijiazhuang, Hengshui, Xingtai, and Handan were 18.6%, 10.1%, 31.4%, and 120.3%, respectively. It can be seen that the changes in land prices in Xingtai and Handan are most relevant, and the rapid growth of land prices in Handan has had a significant impact on Xingtai. The convenience of transportation, the similarity of industrial structures, and the correlation of land price changes all reflect the strong interaction between Xingtai and Handan, forming a convective city relationship. However, these two cities are distant from the regional center, with relatively weak links with other cities and receiving relatively less radiation from central cities, resulting in the isolation phenomenon.
In general, the Beijing-Tianjin-Hebei urban land-price level shows a polarized pattern of development centered on Beijing and Tianjin. Hebei Province shows a development trend with Shijiazhuang, Baoding, Tangshan, and Qinhuangdao as secondary centers. The central and northern cities of the region are closely linked, while Handan and Xingtai in the southern area of the region form a "club" of cities with each other. Based on the strongest gravitational connection lines for land prices among cities, four gravitational corridors of land prices have been formed: Zhangjiakou-Beijing-Tianjin, Chengde-Beijing-Baoding-Shijiazhuang, Cangzhou-Tianjin-Tangshan-Qinhuangdao, and Shijiazhuang-Hengshui, which roughly form two gravitational chains of land prices in an east-west direction and two gravitational chains of land prices in a north-south direction, resulting in a "#-shaped" gravitational pattern of land prices (see Figure 8 ).
Characteristics of Gravitational Patterns of Urban Land Prices
Polarization Effect around Beijing and Tianjin
Based on the border signifying the gravitational equilibrium of land prices, the ratio of the sum of the gravitational attraction of land prices of each urban cluster to the total gravitational attraction of regional urban land prices reflects the interaction intensity of the land price of each urban group and the overall distribution pattern of the gravitational attraction of land prices in the Beijing-Tianjin-Hebei region. The total land-price gravity in the Beijing-Tianjin-Hebei urban agglomeration is 185.73, and that of the city cluster around Beijing is 123.39, accounting for 66.4% of the total. The total gravitational value of land prices in the central coastal city cluster is 46.36, accounting for 25.0% of the total. The total gravitational values of the central city cluster, the southern city cluster, and the northern coastal city cluster are 9.23, 4.16, and 2.59, respectively, accounting for 5.0%, 2.2%, and 1.4% of the total, respectively. The total land-price gravity of the city cluster around Beijing is nearly twice that of the sum of the other groups and 47.6 times that of the northern coastal city cluster. Thus, there is a polarization effect in relation to the land-price gravity pattern in the Beijing-Tianjin-Hebei urban agglomeration. In 2017, Beijing's per capita GDP, population density, and investment in fixed assets reached 2.86, 3.34, and 0.77 times those of the cities in Hebei Province, respectively, while in Tianjin, they reached 2.64, 3.32, and 0.51 times those of the cities in Hebei Province, respectively. Thus, the economic level of the cities in the Beijing-Tianjin-Hebei region is unbalanced, and the pattern is similar to the gravitational structure of land prices. It can be seen that after years of development and accumulation, Beijing and Tianjin have produced good economies of scale and achieved external competitiveness in terms of economic development. Beijing's economic strength and price attractiveness are significant. Hebei Province surrounds Beijing and Tianjin, and shoulders the heavy burden of controlling the hazard presented by sand storms, reforesting formerly cultivated land, and developing ecological conservation areas. The government's policies of restricting land resource development and industrial production have restricted the economic development of relevant areas in Hebei to some extent. The separation of ecological protection and economic development policies in the Beijing-Tianjin-Hebei region has led Hebei Province to focus on environmental protection and limit the development and utilization of land resources, while the development of the land market is obviously focused on Beijing and Tianjin.
Lock-In Effect in Southern Hebei
The gravitational pattern of urban land prices in the Beijing-Tianjin-Hebei region has a typical lock-in feature, which is mainly reflected in the cities around Beijing and Southern Hebei, resulting in unbalanced regional development. Beijing, Tianjin, and Langfang have accumulated large volumes of high-quality human and material resources with the support of their superior geographical location and policies. With the development of the economy, the three cities have realized their complementary advantages through the optimal allocation of resources and, thus, achieved a high level of land-price gravitation. The southern part of Hebei Province is at a disadvantage in terms of location and is basically in a marginal zone affected by the land prices in Beijing and Tianjin. For example, Xingtai and Handan are gravitational convection cities with land-price qualities of 6.03 and 8.62, respectively. The transportation accessibility coefficient between Xingtai and Handan and Beijing is only 0.66 and 0.62, respectively, and the transportation accessibility coefficient between Xingtai and Handan and most other cities in the region is less than 1. Due to the low level of transportation accessibility and the low level of the land market, Xingtai and Handan have formed a locally locked pattern. This lock-in effect is likely to lead to increasing differences in relation to regional development that will be difficult to change in the short term, thereby restricting the coordinated development of the Beijing-Tianjin-Hebei region.
Suggestions Regarding Land-Price Control Measures in The Beijing-Tianjin-Hebei Region
The level of urban land prices affects the rationality of land values, as well as economic and social development. The coordination of land prices in the various cities in the region affects the coordination of the economic and social development of those cities, and also affects the optimal allocation of land resources in the region. Therefore, how to effectively balance urban land prices in the region is particularly important. The polarization effect and partial lock-in effect of land prices in the Beijing-Tianjin-Hebei urban agglomeration reflect the imbalance in land-market development between cities, which directly affects the coordinated development of the region. Thus, we put forward several suggestions regarding regional land-price regulatory measures. First, we should alleviate the non-capital core functions of Beijing, make full use of the advantages of land resources in each city to alleviate the development pressure on Beijing and Tianjin, and improve the comprehensive strength of other cities, especially marginal cities, thereby weakening the polarization effect on urban land prices and the level of land market development in the region. Langfang, Baoding, Zhangjiakou, and Chengde surround Beijing and Tianjin, forming a gravitational urban cluster with Beijing. We suggest that these four cities should take the lead in absorbing the industries transferred from Beijing and Tianjin, relying on their geographical advantages and existing industrial base to gradually ease the pressure on Beijing and Tianjin. In the process of this industrial transfer, the urban cluster around Beijing and Tianjin must overcome the barriers presented by administrative divisions and formulate unified land-use planning and land-trading policies, such as jointly formulating an annual land-supply plan and establishing a land-auction platform. These practices will contribute to the balanced development of the land market around Beijing and Tianjin. The government should formulate a unified land-use policy, and synchronize industrial transfers and land supply to avoid wastage of land caused by industrial transfers occurring faster than the supply of suitable land. The monitoring system for land prices in the cities surrounding Beijing and Tianjin should be improved, including the establishment of unified land-price valuation standards, such as unified standard of land volume fraction and development degree, to enable the comparison and balancing of land prices between cities.
Second, the regional traffic network and economic cooperation among cities should be enhanced, including the cultivation of new central cities in Beijing, Tianjin, and Hebei to facilitate a transformation from a single-center radial traffic system to a multi-center networked traffic system. Meanwhile, Beijing and Tianjin should increase their economic links and radiation to other cities (especially Handan, Xingtai, Hengshui, and other southern cities) to alleviate the locked-in effect of urban development in the south. Based on the existing traffic pattern, linking the trunk railway with the inter-city railway, enhancing the construction of transport node facilities, such as passenger transport hubs and freight transport hubs, and forming an efficient and dense traffic network will improve traffic accessibility and economic links between cities. For example, in the coastal city cluster, the Beijing-Shanghai high-speed railway should be completed as soon as possible, and the urban transportation systems of Tianjin, Tangshan, and Cangzhou should be improved to help them absorb the industrial projects transferred from Beijing and form a coastal industrial belt. The construction of expressways in the southern city cluster, such as the Beijing-Guangzhou high-speed railway and the Beijing-Kowloon high-speed railway should be accelerated, and the urban transport systems between Beijing and Xingtai, Handan, and Hengshui should be upgraded so that these three cities can provide more cheap land and labor resources for Beijing and Tianjin. These measures will help to strengthen the social and economic links between southern cities and Beijing, thereby helping to overcome the current closed development of the southern cities.
Third, the radiation-driving capacity of Shijiazhuang, Baoding, and Tangshan, three cities performing a land price conduction function, needs to be strengthened to gradually form a closely related networked spatial structure. Based on the policies relating to the adjustment of the industrial structure of various cities, it is important to facilitate the orderly transfer of industries, promote the free flow of land-market elements, and promote the coordinated development of the entire regional land market. Shijiazhuang is the central city in the central city cluster, Tangshan is the central city in the northern coastal city cluster, and Baoding is an important development city node in the Beijing-centered city cluster. Thus, these three cities play important roles in the coordinated development of Beijing, Tianjin, and Hebei, and the government should work hard to enhance the economic strength of these three cities so that they can become secondary radiation centers for regional development. For example, the government should strengthen the support provided to these three cities and further improve their urban public infrastructure and transportation facilities. This will enhance their agglomeration effect in areas such as science, technology, talent, finance, and capital, thereby enhancing their comprehensive strength and land values, and improving their radiation capacity in relation to low-cost cities such as Hengshui, Xingtai, and Cangzhou. The government should formulate a realistic land-price regulation policy, construct a reasonable land-price gradient, and avoid malicious competition among cities. These measures will assist the rational, timely transfer of industries from Beijing and Tianjin.
Conclusions
The purpose of this study is to understand the land-price levels in the Beijing-Tianjin-Hebei urban agglomeration and the interactions between various related factors reveal the characteristics of regional land-price interaction patterns, and identify the appropriate direction for the coordinated development of the regional land market in the future. To eliminate the influence of policy interventions on land-price levels and objectively reflect the real levels of urban land prices and the degree of development of the land-market economy, we use influencing factors that are closely related to urban land prices and use a comprehensive index evaluation method to measure the quality of land prices. The land-price gravity among cities is calculated using the gravity model, and the intensity and types of interactions among urban land prices in the region are obtained. Using a Voronoi diagram model based on breaking-point theory, the gravitational patterns in relation to urban land prices are identified and the characteristics of the regional gravitational patterns in land prices are revealed. An analysis of gravitational intensity and pattern characteristics reveals that there are some problems in the Beijing-Tianjin-Hebei region, such as unbalanced urban land-price levels, unbalanced interconnections, an obvious polarization effect, and a local lock-in effect. Based on these findings, we propose several countermeasures.
Based on the results of our analysis, we conclude that: (1) The intensity and scope of the interactions between urban land prices are positively correlated with the quality of the land prices and the degree of accessibility between cities, and the quality and distance of urban land prices are important parameters for analyzing the relationship between urban land prices; (2) there are significant differences in the gravitational intensity of urban land prices in the region. The gravitational force of Beijing, Tianjin, and Langfang is much higher than that of other cities, while the gravitational force of other cities in Hebei Province is obviously weak. The gravity of land prices in the Beijing-Tianjin-Hebei urban agglomeration shows the spatial differentiation characteristics of "More cities with weak gravity and fewer cities with strong gravity, with the cities around Beijing and Tianjin closely connected, while the peripheral cities are loosely connected."; (3) based on the distribution of the strongest gravitational connection lines between cities, it is found that the area has formed a "#-shaped" pattern of land-price interactions consisting of two horizontal and two vertical belts. Using the heat transfer model involving the processes of convection, radiation, and conduction, it is concluded that Beijing is a land-price radiation city, Shijiazhuang, Baoding, and Tangshan are land-price conduction cities, and Handan and Xingtai are land-price convection cities; (4) the scope of influence of land prices in each city has extended beyond the original administrative boundaries, and can be divided into five clusters based on the gravitational relationships among land prices, namely, the city cluster around Beijing, the northern coastal city cluster, the central coastal city cluster, the central city cluster, and the southern city cluster; and (5) based on the gravitational characteristics of land prices among cities and the overall gravitational distribution of land prices in the five urban clusters, it is found that the polarization effect of urban land prices in the Beijing-Tianjin-Hebei region is clearly evident, as is the lock-in effect in southern cities. Based on these findings, we put forward three measures and suggestions to promote balanced land prices and the coordinated development of the land-market economy in the region, namely, alleviating the non-capital core functions of Beijing, strengthening the transportation network in the region, and enhancing the role of land-price transmission cities such as Shijiazhuang, Baoding, and Tangshan. Government departments should implement an integrated development strategy based on the overall functional orientation of the Beijing-Tianjin-Hebei region, as well as the development basis and potential of each city, so that the region can embark on a truly coordinated development path. Funding: The writing of the paper was supported by the Chinese National Science Foundation (project no. 41471090) and Hebei Province National Science Foundation (project no. D2015205225).
